Abstract: There are several reports on the measurement of the refractive indices of single-crystal rutile. Whereas the ordinary refractive indices estimated are in close agreement over a wide range of wavelengths, there is a significant difference in the corresponding values of the extraordinary refractive indices. Observations on the 'prismcoupling technique' using rutile prisms are reported to show that, for the refractive indices of rutile, the work of W.H. Bond represents a better standard.
Introduction
Rutile prisms have been widely used over the years in the characterisation of planar waveguides in lithium niobate substrates by the prism-coupling technique [1] . Knowledge of the effective index values of the guided modes of a planar waveguide is very important, for example, in modelling refractive index profiles of the waveguides fabricated by diffusion/exchange processes, and in measurements involving nonlinear effects, such as second-harmonic generation by phase matching/quasi phase matching [2] and Cerenkov radiation [3] [4] [5] . With the refractive indices of LiNbO 3 known to the 4th decimal place, at a given temperature and wavelength [6] [7] [8] , one would expect to achieve similar accuracy in the measured values of effective indices of guided modes. For accurate determination of the effective indices of the guided modes using the prism-coupling technique, the refractive index of the prism should be known accurately: uncertainty about the prism index is the major source of error in using the prism-coupling technique [9] .
There are very few reports of optical constants for single-crystal rutile in the visible and near infra-red regions [10] , and the results of DeVore [11] are widely quoted [10, 12, 13] and used in practice. Surprisingly, there are very few references to Bond's work on the measurement of the refractive index of rutile, carried out almost 14 years after that of DeVore and with better accuracy [14] . In his paper Bond discussed the accuracy of measurements when using the method of minimum deviation, and quoted refractive index values up to the 4th decimal place for a range of wavelengths in the visible and near infra-red regions. Many researchers have used the method of minimum deviation with an apparatus patterned after that of Bond, for the measurement of [6, 7, 15] . At Glasgow University, Bond's results have been used for more than a decade to calculate the refractive index of rutile at the wavelength of interest, because it was observed that using DeVore's results led to inconsistency in the values for LiNbO 3 substrates of different orientations, determined using the prism-coupling technique [16] .
The inconsistency
Consider the schematic of the prism-coupling arrangement (shown without the second prism normally used to couple out the m-lines) in Fig. 1 ; ray paths corresponding
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Fig. 1 Schematic of prism input-coupling into a z-cut LiNbO3 substrate using a rutile prism (top view)
to three different angles of incidence are also shown. For angles 6 ^8 2 , the phase-matching condition (Snell's law) can be satisfied across the two interfaces, and a part of the incident beam 'tunnels' into the substrate by frustrated total internal reflection at the base of the prism. For 6 = 0 2 the transmitted beam is grazing along the surface of the substrate, and we have
where n s and n p are the refractive indices of the substrate and the prism, respectively, and a is the angle of the prism (see Fig. 1 ). The wave satisfying eqn. 1 is denoted here as the 'substrate mode' and the corresponding angle of incidence 8 2 as the 'substrate-mode angle'. For 6 > 0 2 the phase-matching condition cannot be satisfied across the interfaces • and there is no transmitted beam in the substrate. Thus by measuring the angle of incidence 6 2 corresponding to the grazing beam propagation in the substrate, the substrate refractive index can be determined. However, if the refractive index of the substrate is known accurately, then by numerically solving eqn. 1, n p can be determined.
In the prism-coupling arrangement shown in Fig. 1 , for each of the x-cut and z-cut lithium niobate substrates, 1EE PROCEEDINGS-J, Vol. 139, No. 2, APRIL 1992 two substrate modes appear at different angles corresponding to the ordinary ray (o-ray) and the extraordinary ray (e-ray); the refractive indices which determine the substrate-mode angles are given in Table 1 . There are Tables 2 and 3 . The accurate measurement of the substrate-mode angle 6 is facilitated by the use of long end-polished substrates. With both ends polished, one can make observations at the input end A (see Fig. 1 ) on the beam that is partially reflected at the output end B, to determine accurately the angle 0. In our experiments the samples were 45 mm long, with both ends polished. The mode angles and the prism angle A could be repeatably measured with a deviation not exceeding +0.02°, which can lead to a maximum error not exceeding +8 x 10"* in the calculated values of the refractive index of the substrate.
Values for the refractive indices of rutile used in the calculations are given in Table 4 . A polynomial [17] of the form "e = Pe + 1e vl +
where v = I/A is in reciprocal microns, was fitted to the published results of Bond [14] to calculate the refractive The notations TE and TM are used only to indicate that the input electric field polarisation is parallel and perpendicular to the surface of the substrate, respectively. the refractive indices of rutile; using Bond's results [14] does not give rise to the same inconsistency.
Refractive index measurement
The prism-coupling arrangement (inclusive of X, Y, Z translation stages and 5, <j> goniometric movements) is mounted on a high-precision rotating stage connected to a digital display counter with a least count of 0.01°. Measurement of the substrate-mode angles was carried out for two samples, one X-cut and one Z-cut, of congruently grown LiNbOj and also on one clear fused quartz plate. Two single-crystal rutile prisms with the optic axis parallel to the polished surfaces (see Fig. 1 ) were used in the indices of rutile. Our results at 633 nm are in agreement with values obtained by Naitoh et al. [18] . The 
where A is in angstroms.
As can be seen from the last two columns of Tables 2  and 3 , using Bond's results gives consistent results for the substrate refractive indices in all cases, within the limits of experimental error. Also, the values of the refractive indices for lithium niobate, calculated using Bond's results for rutile, are in close agreement with the standard values [6, 7] , while fused quartz, as expected, shows negligible birefringence at both the wavelengths. (Though the results at 1064 nm do not exhibit the remarkable agreement found at 633 nm, they are still within the limits of experimental error. We may mention, however, that the deviation of the polynomial (see eqn. 2) fitted to the measured values of Bond, was larger in the 1 /an wavelength region than that in the 0.6 /an region. This implies that the uncertainty in the calculated values of refractive indices for rutile, appearing in Table 4 , is slightly larger at 1064 nm than at 633 nm.)
From Tables 2, 3 and 4 it is evident that the ordinary refractive index n o for rutile, obtained from the measurements of Bond and DeVore, is very nearly the same over a range of wavelengths, and that the estimated values of both refractive indices of the substrates are in agreement with the expected (standard) values. However, the extraordinary indices for rutile, according to Bond and DeVore, differ significantly and the 'consistency test' leads us to the conclusion that Bond's results represent a better standard. 
